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INSECTICIDE RESISTANCE AND RESISTANCE MANAGEMENT
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ABSTRACT The Mediterranean fruit ßy, Ceratitis capitata (Wiedemann) (Diptera: Tephriti-
dae), is considered one of the most economically damaging pests of citrus orchards in Spain.
Insecticide treatments for the control of this pest aremainly based on aerial and ground treatments
with malathion bait sprays. However, the frequency of insecticide treatments has been increased
in some areas of the Comunidad Valenciana in the last years, because of problems with the control
ofC. capitata.Wehave found that Þeld populations from citrus and other fruit crops from different
geographical areas in Spain showed lower susceptibility to malathion (6- to 201-fold) compared
with laboratory populations. More importantly, differences in susceptibility could be related to
the frequency of the Þeld treatments. A resistant strain (W), derived from a Þeld population, and
a susceptible laboratory strain (C) were maintained in the laboratory. The W strain showed
cross-resistance to the organophosphate fenthion (10-fold) but not to spinosad. Enzymatic assays
showed that acethylcholinesterase activity was less inhibited in vivo by malathion and in vitro by
malaoxon (active form of malathion) in adult ßies from the W-resistant strain. Experiments to
evaluate the effects of synergists revealed that the esterase inhibitor S,S,S-tributyl phosphorot-
rithioate (DEF) partially suppressed malathion resistance. Thus, target site insensitivity and
metabolic resistance mediated by esterases might be involved in the loss of susceptibility to
malathion in C. capitata. Nonetheless, additional biochemical and molecular studies will be
required to conÞrm this hypothesis.
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TheMediterranean fruit ßy,Ceratitis capitata(Wiede-
mann) (Diptera: Tephritidae), is one of the most de-
structive pests of fruits in the world, attacking 250
species of fruits and vegetables (Liquido et al. 1991).
In Spain, this ßy is considered one of the most eco-
nomically damaging pests of citrus orchards. Direct
losses result from the oviposition in fruits, larval ac-
tivity, and eventual infection by fungi (Metcalf and
Metcalf 1993). In addition, quarantine measures are
required for exportation to ßy-free areas. The control
of C. capitata in the Comunidad Valenciana, which is
the main area of citrus production in Spain, is mainly
based on Þeld monitoring of the population levels and
aerial and ground treatments with malathion bait
sprays (Primo-Millo et al. 2003).
Resistance to malathion in the Þeld has been re-
ported for a number of insects, including some
dipteran pests (Hughes et al. 1984, Hemingway 1985,
Raghavendra et al. 1998, Hsu and Feng 2000). How-
ever, no resistance tomalathion has been reported yet
for Þeld populations of C. capitata (Wood and Harris
1989, Vin˜uela 1998), despite being the most widely
used insecticide for the control of this pest. It has been
suggested that this may be because of incomplete
selection pressure of the insecticide being used,
caused by the mobility and broad host range of C.
capitata (Georghiou 1972, Orphanidis et al. 1980).
Nonetheless, Koren et al. (1984) reported the poten-
tial ofC. capitata in developing resistance tomalathion
after 18 generations of selection in the laboratory.
Besides, the frequency of insecticide treatments, in
the last years, has been increased in some areas of the
Comunidad Valenciana to maintain the effectiveness,
which may be interpreted as the result of increased
tolerance to malathion.
The aim of this study was to Þnd the susceptibility
tomalathion of Spanish Þeld populations ofC. capitata
that have been subjected to different selection pres-
sures during the last years. Effects of synergists, ac-
ethylcholinesterase activity, and cross-resistance to
other insecticides were also evaluated in a resistant
and a susceptible strain.
Materials and Methods
Field Sampling. Ceratitis capitata adults were ob-
tained from larvae-containing infested fruits collected
in fruit orchards in 2004 or 2005. Sampling was per-
formed at seven localities in the Comunidad Valenci-
ana (Burriana, Castello´n, Villareal, Carlet, Alcudia,1 Corresponding author, e-mail: castan@cib.csic.es.
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Serra, and Orihuela), one in Catalun˜a (Bajo Ampur-
dan), and one in La Rioja (Albelda) (Fig. 1). They
were chosenbased on representative hosts (citrus and
stone fruits in the Comunidad Valenciana and apples
in Catalun˜a and La Rioja), and the insecticide regi-
mens that were applied in these areas (Table 1).
The infested fruits collected in the Þelds were
placed in plastic trays inside 51 ventilated containers,
both with a layer or vermiculite or arlite. They were
kept in anenvironmentally controlled rearing room, at
a photoperiod of 16-h light and 8-h dark, and a tem-
perature of 26 3C, until pupation occurred. Emerg-
ing adults from Þeld-collected fruits (F0) were used
for testing their susceptibility to malathion.
Laboratory Populations. Two laboratory popula-
tions were analyzed, Lab-INIA and Lab-IVIA. Lab-
INIA was initially established at Instituto Nacional de
Investigaciones Agrarias (INIA; Madrid, Spain) and
has been maintained for 40 yr in laboratory condi-
tions. Lab-IVIA was established at Instituto Valen-
ciano de Investigaciones Agrarias (IVIA; Valencia,
Spain) from wild C. capitata collected at nontreated
experimental Þelds in 2001.
According to results obtained in susceptibility bio-
assays and the availability of insects, the susceptible
strain Lab-IVIA (C) and a resistant strain established
from the Þeld population collected in Castello´n (W)
were maintained in the laboratory for further studies.
Lab-IVIA (C). The C strain has been maintained in
our laboratory for the last 3 yr. The adults were kept
in rearing cages containing2,000 individuals and fed
with adult diet (4:1:0.1 glass sucrose: hydrolyzedyeast:
water).Waterwas supplied through a spongewick fed
from a water reservoir. The cages were cubical in
shape (20 by 20 by 20 cm) with gauze on one side,
through which the ßies laid eggs that were collected
in a try with water located below the cage. The cages
were kept in an environmentally controlled rearing
room at the conditions indicated above. The collected
eggs were seeded at a density of 0.15 ml of eggs in a
containerwith 250 g of larval rearing diet (Albajes and
Santiango-A´lvarez 1980). The diet was partially cov-
ered with aluminum foil to avoid desiccation and
placed in 21 plastic containers with vermiculite at the
bottom to allow third-instar larvae to emerge from the
foodmedium and pupate. Six days before the eclosion
(14 d after seeding the eggs), pupae were sieved
from the vermiculite and placed in the adult rearing
cages described above.
Castello´n Strain (W). The W strain has been main-
tained in our laboratory for the last 3 yr. Adults were
reared as described for the C strain, but apples were
regularly introduced (one or twoper day) to the adult
rearing cages as substrate for oviposition. Apples were
taken from the cages every 1Ð2 d and held on trays as
described above. Every generation, except the sixth,
the W strain was treated with malathion to maintain
the selection pressure. Approximately 1,000Ð2,000
adults (3Ð5 d old) were treated with a concentration
of malathion between 1,000 and 3,000 ppm for 24Ð48
h to obtain 50% mortality.
Bioassays. The arena for the bioassays consisted of
ventilated plastic dishes (89 mm diameter, 23 mm
high). Ten to 20 pupae were conÞned per plastic dish,
and the emerged adults were fedwithwater and adult
diet for 3Ð5dbefore testing.The insecticidewas tested
as follow: mixed with the diet (feeding bioassay),
applied directly on the insect (topical application), or
in combination with synergists (bioassays with syner-
gists). Three to six different concentrations of insec-
ticide with a partial response (mortality 0% and
100%) were used, and two to four replicates were
performed for each concentration, depending on the
availability of insects. Adults ßies were kept in an
environmentally controlled rearing room during the
Fig. 1. Collection sites of C. capitata in the Comunidad
Valenciana (Burriana, Castello´n, Villareal, Carlet, Alcudia,
Serra, and Orihuela), Catalun˜a (Bajo Ampurdan), and La
Rioja (Albelda).
Table 1. Year of sampling, host, and spraying regimens of the fruit orchards where C. capitata infested fruits were collected
Area Locality Year Host Malathion treatments against C. capitata
Comunidad Valenciana Burriana (Castello´n) 2004 Medlar 8Ð9 a.t. per year in 2003 and 2004
Castello´n (Castello´n) 2004 Citrus 8Ð9 a.t. and 2Ð4 g.t. per year in 2003 and 2004
Villareal (Castello´n) 2005 Khaki Urban area, nontreated in the last 2Ð3 yr
Carlet (Valencia) 2004 Peach 8 a.t. in 2002, 6 at in 2003, and 6 at in 2004a
Alcudia (Valencia) 2004 Peach 8 a.t. in 2002, 6 a.t. in 2003, and 6 a.t. in 2004a
Serra (Valencia) 2005 Citrus Nontreated in 2001, 2002, 2003, and 2004, 1 g.t. in 2005
Orihuela (Alicante) 2005 Citrus 9 a.t. and 4 g.t. in 2005
Catalun˜a Bajo Ampurdan (Gerona) 2004 Apple 1 g.t. in 2004
La Rioja Albelda 2004 Apple Nontreated Þeld but close to other fruit crops treated
a Two to three additional ground treatments with fenthion.
a.t., aerial treatment (every 5Ð7 d during the maturation period); g.t., ground treatment (every 10 d during the maturation period).
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tests, under the environmental conditions indicated
above. Mortality was recorded after 48 h. Flies were
considered dead if they were ataxic (remained on
their backs, unable to walk, with no further sign of
movement).
Feeding Bioassays. Feeding bioassays were used to
assess the susceptibility of Þeld and laboratory popu-
lations tomalathion and to examine cross-resistance to
fenthion and spinosad in the C and W strains. The
insecticides used are commercial formulations ap-
proved for the control ofC. capitata for citrus crops in
Spain: MalaÞn 50 EC (Agrodan, Madrid, Spain), an
emulsiÞable concentrate of malathion 50% (wt:vol);
Lebaycid LE (Bayer CropScience, Valencia, Spain),
an emulsiÞable concentrate of fenthion 50% (wt:vol);
and Spintor Cebo (Dow AgroSciences Ibe´rica, Ma-
drid, Spain), spinosad 0.024% (wt:vol). They were
diluted in water and mixed with the diet to obtain a
range of concentrations. Three to 5 d after emergence
of adults, the rearing diet was replaced by diet con-
taining the appropriate concentration of insecticide.
The control consisted of diet mixed with water.
Topical Application. Topical application was used
todeterminecontact toxicity tomalathion in theCand
W strains. MalaÞn 50 EC was diluted in acetone to
obtain a range of doses. Adult ßies (3Ð5 d old) were
maintained at 4C for 30 min; thereafter, a 0.5-l drop
of acetone solution of MalaÞn or acetone alone (con-
trol) was applied to the dorsal thorax of each ßy by
using an automatic microapplicator 900 (Burkard
Manufacturing Co., Hertfordshire, United Kingdom).
The treated insects were placed in the ventilated plas-
tic dish containing water and the rearing diet. Thirty
randomly selected adults were weighed per bioassay
to calculate the doses in relation to fresh weight (g
insecticide/g fresh weight).
Synergists. The synergists used were as follows:
S,S,S-tributyl phosphorotrithioate (DEF; 98% techni-
cal) as an esterase inhibitor, obtained from Chem
Service (West Chester, PA); triphenil phosphate
(TPP; 98% technical) as an inhibitor of ali-esterases,
obtained from Fluka (Madrid, Spain); piperonyl bu-
toxide (PBO; 90% technical) as a cytochrome P450
(mooxygenases) inhibitor, obtained from Aldrich
(Milwaukee, WI); and diethyl maleate (DEM; 97%
technical) as an inhibitor of glutathione-S-transferase,
obtained from Aldrich. Three micrograms of PBO, 1
g ofDEM, 1g ofDEF, or 5g of TPPwere used per
insect. These were the highest doses of the synergists
that showed no mortality on adults from the C strain.
Synergists were diluted in acetone and topically ap-
plied as described above.Acetonewas used as control.
After 2 h, the ßies were treated with malathion as
described in the feeding bioassay.
Data Analysis. Mortality data were used to deter-
mine their susceptibility to malathion (LC50 with a
95% CI) by probit analysis using the computer pro-
gram POLO-PC (LeOra Software 1997), which auto-
matically corrected for control mortality by AbbottÕs
transformation. The signiÞcance of differences in sus-
ceptibility was tested by the 95% CL of lethal con-
centration ratios (LCRs) at the LC50 (Robertson and
Preisler 1992). The relative toxicity of malathion with
respect to malathion plus the synergist (synergistic
ratio) was calculated using the computer program
POLO-PC, and the signiÞcance of the effects was
tested by the 95% CL of the synergistic ratios at the
LC50.
Enzymatic Assays. Heads from adults (3Ð5 d old)
from C and W strains were homogenized with a glass
homogenizer in 300 l of 0.15 M NaCl containing 1%
(vol:vol) of Triton X-100. Solubilized protein was iso-
lated by centrifugation at 12,000 rpm for 5 min in a
UNIVERSAL 32 R (Hettich International, Kirchleng-
ern, Germany) centrifuge at 4C. The supernatants
were collected and used as enzyme source.
Acetylcholynesterase (AChE) activity was deter-
mined by the spectrophotometric method described
by Ellman et al. (1961), and assay conditions were
optimized for C. capitata. The reaction mixture con-
sisted of 10 l of tissue homogenate, 2 l of 200 mM
acethylthiocholine iodide (ASChI; Sigma, St. Louis,
MO), 20l 10mM55-dithio-bis (2-nitrobenzoic acid)
(DTNB; Sigma), and potassium phosphate buffer, pH
7.2, up to 200 l. The reaction was started by the
addition of the substrate (ASChI) and the reagent
(DTNB), and the increment in absorbance at 412 nm
was recorded for 5 min. Blanks were used to account
for spontaneous breakdown of the substrate. The spe-
ciÞc activity of AChE was measured as nanomoles of
acetylthiocholine iodide hydrolyzed per minute and
per milligram of protein, assuming a molar extinction
coefÞcient of 1.36  104 M	1 cm	1 for the EllmanÕs
product (Ellman 1959).
AChE activity was examined in untreated ßies from
the C and W strains and after diet exposure to mala-
thion (50 ppm). The feeding treatments were per-
formed as explained above, and the AChE activity of
single individuals (eight fromeach of the four groups)
was determined after 48 h.
AChE in vitro inhibition assays were performed by
preincubating pooled head extracts (30 adult heads
from C or W strains) with 1 10	7, 2.5  10	7, 5 
10	7, 7.5 10	7, 1 10	6, 2.5 10	6, or 5 10	6 M
of malaoxon (active form of malathion) during 3 min
at 30C, before addition of substrate and reagent.
Malaoxon was provided by Cromlab (Barcelona,
Spain). A stock solution (0.1 M) was prepared in
ethanol, and further dilutions in buffer were made
immediately before use. The concentration of ethanol
in the enzymeÐinhibitor mixture was 1% (vol:vol) or
less. Control samples contained no inhibitor but the
same alcohol concentration. Three experimental rep-
licates were carried out for each concentration, and
AChE activity was measured as described above.
Protein concentration was determined according
to the procedure of Bradford (1976) with bovine
serum albumin (Sigma) as the protein standard.
Protein standards were prepared in the proper buff-
er; maintaining the same concentration of Triton
X-100 as in the samples (Friedenauer and Berlet
1989).
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Results
Susceptibility toMalathion of Field andLaboratory
Populations. The mortality of the controls was always
5%. All Þeld populations were signiÞcantly less sus-
ceptible to the insecticide (LC50 1,000 ppm of mal-
athion active ingredient) than the laboratory popula-
tions Lab-IVIA (LC50 
 16 ppm) and Lab-INIA
(LC50 
 12 ppm; Table 2). More importantly, dif-
ferences in susceptibility were obtained between
populations sampled in Þelds subjected to different
frequency of treatments. Those populations col-
lected from Þelds with 5Ð10 aerial treatments per
year showed the higher levels of resistance (LC50
between 1,000 and 3,000 ppm), with an LCR, with
respect to the Lab-IVIA population, in the range
66Ð201. Populations from Þelds with only one treat-
ment per year, Bajo Ampurdan, and Serra, showed
LC50 between 500 and 1,000 ppm, and LCR values
between 33 and 60. Populations from untreated
Þelds, Villarreal and Albelda, showed LC50 between
100 and 500 ppm and LCR values between 6 and 30,
respectively (Table 2).
Based on their relative LCR values, Þeld popula-
tionscanbegroupedaccording to the frequencyof the
treatments. The populations with the higher number
of treatments (Burriana, Carlet, Orihuela, Alcudia,
and Castello´n) were not signiÞcantly different be-
tween themselves, except Carlet with Burriana and
Alcudia. A second group included the populations
with only one treatment (Bajo Ampurdan and Serra)
and the population from Albelda (collected from a
nontreated Þeld but close to other treated Þelds).
They were not signiÞcantly different from each other
and presented LCR values  1 with respect to the
populations from the Þrst group, although these dif-
ferences were not always signiÞcant. Finally, the pop-
ulation from Villareal, obtained from an urban area
that has not been treated in the last years, was signif-
icantly different from all other populations.
Susceptibility of the Susceptible and Resistant
Strains to Malathion and Other Insecticides. The sus-
ceptibility to malathion of the susceptible (C) and
resistant (W) strains was assayed by ingestion and
topical application (Table 3). Differences in suscep-
tibility were obtained between both strains, indepen-
dently of how the insecticide was applied. In both
cases, the W strain was more resistant to malathion
than the C strain, although the difference was higher
by ingestion (LCR 
 79-fold) than by contact appli-
cation (22-fold).




n Slope  SE LC50




Lab-IVIA Ñ 641 2.7 0.3 16 (11Ð19) 88.6 33 1
Lab-INIA Ñ 367 2.9 0.3 12 (10Ð14) 29.8 18 0.8 (0.6Ð1.0)
Burriana 5Ð10/yr 185 0.8 0.1 1,376 (668Ð3,126) 27.1c 18 88 (47Ð166)d
Carlet 5Ð10/yr 148 1.7 0.3 3,137 (2,182Ð4,850) 7.4c 18 201 (129Ð314)d
Orihuela 5Ð10/yr 136 0.8 0.1 1,636 (763Ð3,629) 8.5c 16 105 (46Ð241)d
Alcudia 5Ð10/yr 95 1.2 0.2 1,029 (503Ð2,074) 14.5c 13 66 (34Ð127)d
Castello´n 5Ð10/yr 208 0.9 0.1 1,874 (1,190Ð3,300) 20.5c 22 120 (69Ð209)d
Bajo Ampurdan 1/yr 97 0.8 0.2 519 (130Ð1,169) 23.0c 23 33 (11Ð100)d
Serra 1/yr 95 0.9 0.2 938 (278Ð2,735) 15.2c 10 60 (25Ð143)d
Villareal Nontreated 251 1.6 0.2 102 (44Ð160) 47.7 28 6 (4Ð11)d
Albelda Nontreated 66 1.2 0.3 472 (163Ð1,084) 10.5c 10 30 (13Ð72)d
a Concentrations expressed in ppm of malathion in the diet.
b LCR at LC50 level of each population with respect to the laboratory Lab-IVIA population.
c Good Þt of the data to the probit model (P  0.05).
d Lethal concentration is signiÞcantly different (P  0.05) if the LCR 95% CI does not include 1.
Table 3. Susceptibility of the susceptible (C) and the resistant (W) strains of C. capitata to malathion, fenthion, and spinosad
Insecticide Assay Straina n Slope  SE LC50




Malathion Feeding C 162 2.3 0.4 18 (11Ð23) 16.7d 16 1
W 210 0.9 0.1 1,406 (664Ð3,150) 62.1 32 79 (44Ð141)e
Topical C 153 1.3 0.2 1.2 (0.6Ð2.1) 24.4d 15 1
W 159 6.4 1.4 27 (18Ð33) 39.5 17 22 (14Ð32)e
Fenthion Feeding C 108 1.8 0.3 1.3 (0.6Ð2.2) 18.6d 14 1
W 144 2.6 0.4 12 (10Ð15) 15.5d 19 9 (6Ð16)e
Spinosad Feeding C 278 2.3 0.1 0.4 (0.3Ð0.5) 13.7d 10 1
W 164 1.9 0.4 0.7 (0.4Ð0.9) 27.1d 18 2 (1Ð3)
a The susceptible Lab-IVIA (C) and the resistant Castello´n (W) strains.
b Concentrations expressed in ppm of malathion, fenthion, or spinosad in the diet for the feeding bioassays and as micrograms of malathion
per gram fresh weight for topical assays.
c LCR at LC50 level of the resistant strain with respect to the susceptible strain.
d Good Þt of the data to the probit model (P  0.05).
e Lethal concentration is signiÞcantly different (P  0.05) if the LCR 95% CI does not include 1.
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In addition, the susceptibility of theC andWstrains
to spinosad and fenthion were tested by ingestion
(Table 3). Both spinosad and fenthion were more
toxic for the C and W strains than malathion. How-
ever, the W strain (LC50 
 12 ppm) was nine-fold
signiÞcantly more tolerant to fenthion than the C
strain (LC50 
 1.3 ppm), whereas no signiÞcant dif-
ferenceswere foundwith respect to spinosad (LC50

0.4 ppm for the C strain and 0.7 ppm for theW strain).
Bioassays with Synergists. Adults ßies of the C and
Wstrainswere pretreatedwith synergists (DEF, PBO,
DEM,orTPP)2hbeforebeing treatedwithmalathion
(Table 4). In the W strain, DEF (8.0-fold) and TPP
(3.2-fold) signiÞcantly enhanced the effect of mala-
thion, whereas no signiÞcant differences were ob-
tained with DEM. When adults of the W strain were
pretreated with PBO, the susceptibility to malathion
was reduced (0.3-fold). Because the methodology
used for testing the insecticide did not allow concen-
trations 10,000 ppm, the mortalities obtained at the
highest concentrations testedwere closed to the LC50
(5,022 ppm), resulting in a large upper LC50 95% CL
(1,072Ð1,037,280). When the assay was continued for
another 12h, the resultsweremore consistent,with an
LC50 of 6,022 ppm (95% CL 
 2,907Ð10,651) and a
synergistic ratio of 0.2 (95% CL 
 0.1Ð0.4). In the C
strain, neither PBO nor DEF had any effect on the
toxicity of malathion, DEM was antagonistic (0.6-
fold), and TPP was moderately synergistic (2.0-fold).
AChE Activity and In Vitro Inhibition by Mala-
oxon.Adult ßies from theC strain treatedwith 50 ppm
malathion presented a signiÞcant reduction in AChE
activity (79.0  10.1 nmol of ASChI hydrolyzed per
minute and per milligram of protein) compared with
untreated ßies from the same strain (158.8 15.4; P
0.05, Student-Newman-Keuls test). On the contrary,
no signiÞcant differences were obtained between
treated (136.7  21.2) and untreated (124.5  24.2)
ßies from the W strain.
In vitro inhibition of AChE activity was higher in
the C strain than in the W strain in the presence of
increased concentrations ofmalaoxon (Fig. 2). A con-
centration of 7.5 10	7 Mmalaoxon produced almost
complete inhibition of AChE activity in the C strain
(95% inhibition), whereas AChE inhibition was
greatly reduced at this concentration in the W strain
(46% inhibition); a concentration of 5 10	6 Mmala-
oxon was necessary to obtain an inhibition 80% in
the W strain. The AChE activity of the control group
for the W strain (110.6  3.8) was lower than that of
the C strain (144.4  3.8).
Discussion
In this study, C. capitata Þeld populations from cit-
rus and other fruit crops from different geographical
areas in Spain showed lower susceptibility to mala-
thion (6- to 201-fold) compared with laboratory pop-
ulations. Moreover, differences in susceptibility could
be correlated with the frequency of the Þeld treat-
ments. Accordingly, the Þve populations from the Co-
munidad Valenciana, subjected to the high selection
pressure (5Ð10 aerial treatments/yr), showed the
highest levels of resistance (LC50 between 1,000 and
3,000 ppm and LC90 10,000 ppm). This Þnding is of
great relevance for the control of this pest in the
Comunidad Valenciana, the main citrus growing area
of Spain, because the concentration of malathion in
theproteinbaits used in aerial treatments is 7,500ppm.
In fact, control failures may be already occurring,
which may have contributed to the increase in the
Table 4. Effect of synergists on the toxicity of malathion to the susceptible (C) and the resistant (W) strains of C. capitata
Strain Insecticide Synergist n Slope  SE LC50
a (95% CL) 2 df SRb (95% CL)
C Malathion Ñ 319 2.4 0.3 15 (11Ð19) 49.7 31 1
TPP 148 2.1 0.4 6.8 (2Ð11) 24.8 13 2 (1.3Ð3.4)d
DEF 59 5.0 1.6 16 (9Ð22) 1.0c 4 1.14 (0.6Ð2)
PBO 309 2.0 0.3 18 (8Ð29) 96.6 30 0.8 (0.5Ð1.2)
DEM 117 2.8 0.5 25 (19Ð33) 7.1c 10 0.6 (0.4Ð0.9)d
W Malathion Ñ 568 0.9 0.1 1,303 (909Ð1,881) 77.0c 69 1
TPP 133 0.9 0.2 407 (177Ð1,038) 17.5c 13 3.2 (1.5Ð6.8)d
DEF 108 0.8 0.2 149 (25Ð407) 8.8c 10 8 (3Ð21)d
PBO 107 0.7 0.2 5,022 (1,072Ð1,037,280) 20.6c 12 0.3 (0.1Ð0.8)d
DEM 49 0.8 0.2 3,491 (923Ð206,410) 0.7c 4 0.5 (0.1Ð1.6)
a Concentrations expressed in ppm of malathion.
b Synergistic ratio (SR) at LC50 of malathion with respect to malathion plus the synergist in the same strain.
c Good Þt of the data to the probit model (P  0.05).
d SR is signiÞcantly different (P  0.05) if the conÞdence interval does not include 1.
Fig. 2. In vitro inhibition of AChE activity in the sus-
ceptible (C) and resistant (W) strains of C. capitata. Three
experimental replicates (using a pool of heads from 20 indi-
viduals) were carried out for each malaoxon concentration.
SE was always 3%.
1840 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 100, no. 6
frequency of the insecticide treatments experienced
in the last years. Other operational factors that may
have contributed to the development of resistance are
the higher amounts of active ingredient used in the
formulations (triplicated in the last 10Ð15 yr), the
expansion of extra early varieties of citrus extremely
sensitive to the attack of this insect, and the switch
from control measures based on malathion and fen-
thion to only malathion. Low levels of resistance to
malathion (LC50 between 100 and 500 ppm)were also
detected in Þeld populations subjected to only one
ground treatmentperyearor collected fromÞelds that
have not been treated, suggesting that resistant ßies
may have already dispersed from areas with high se-
lection pressure to untreated areas. Different studies
indicate that C. capitata is a species in which the
majority of adults do not move large distances when
hosts are available, but when hosts are absent or be-
come unavailable, they disperse rapidly and cover
quite large distances in search of hosts (Fletcher
1989).
A resistant strain (W), derived from a Þeld popu-
lation from Castello´n, and a susceptible strain (C),
from Lab-IVIA, were selected to compare the activity
of malathion by ingestion and topical application. The
W strain was more resistant to malathion than the C
strain in both feeding (79-fold) and topical (22-fold)
bioassays. However, topical application seems to be
moreeffective than ingestion,whichmay indicate that
resistance evolved linked to current control strategies,
because Þeld exposure to malathion baits is mainly by
ingestion. These results contrast with those obtained
20 yr ago by Vin˜uela and Arroyo (1982), who found
nodifferences in susceptibility tomalathionby topical
application between laboratory and Þeld populations
of C. capitata from citrus crops from the Comunidad
Valenciana. Our results with the C strain in topical
application bioassays (LC50 
 1.2 g/g) are compa-
rable to those obtained by Vin˜uela and Arroyo (1982)
with laboratory populations (LC50 2 g/g). How-
ever, Vin˜uela and Arroyo (1982) reported that doses
of 5 and 10g/g resulted in 100%mortality in the Þeld
populations tested, whereas these doses produced no
mortality in our resistant strain (data not shown).
These Þnding suggest that, the detected resistance
most probably developed recently because of the con-
tinuous use of malathion, as has been reported for the
Oriental fruit ßy, Bactrocera dorsalis Hendel, in Tai-
wan (Hsu and Feng 2000).
Other insecticides approved for the control of C.
capitata for citrus crops in Spain include fenthion,
spinosad, fosmet, trichlorfon, lambda cyhalotrin, and
lufenuron (http://www.mapa.es/es/agricultura/pags/
Þtos/Þtos.asp). Our results showed that the W strain
was nine-fold more resistant to fenthion than the C
strain. Itmay indicate that themechanism that confers
resistance to malathion confers also moderate cross-
resistance to fenthion (Hsu et al. 2004). However,
because fenthionwas themostwidelyused insecticide
forC. capitata control in Spain during the 1960s, 1970s,
and 1980s (Llore´ns-Climent and Gilabert-Artiges
1997), differentmechanisms couldhavebeen selected
independently to confer resistance to both insecti-
cides. With respect to spinosad, we have found no
differences in susceptibility when theW andC strains
were compared. Nevertheless, Hsu and Feng (2006)
showed that a laboratory colony ofB. dorsalis selected
for resistance to malathion showed cross-resistance to
spinosad. Thus, the potential for resistance develop-
ment must be considered if spinosad and malathion
are used jointly in resistance management programs.
The role of the other insecticides in the evolution to
resistance to malathion is unlikely, because their use
is limited to a few areas. In any case, it is necessary to
reduce the use of insecticides for the control of C.
capitata and replace them for more environmental
friendly strategies. In this sense, the Comunidad Va-
lenciana has initiated pilot programs to control C.
capitata based on the release of sterile males and the
use of insecticides with a chemosterilant action (Na-
varro-Llopis et al. 2004).
The resistance to malathion and other organophos-
phorous insecticides (OPs) could be caused by mu-
tations on the target site, the acetylcholinesterase
(Mutero et al. 1994, Oakeshott et al. 2005), or the
detoxiÞcationof the insecticidebymetabolic enzymes
(Ranson et al. 2002, Feyereisen 2005). We found that
AChEactivity of adult ßies from theW-resistant strain
of C. capitatawas less sensitive to be inhibited in vivo
bymalathion and in vitro bymalaoxon, suggesting that
target site insensitivity may be associated with mala-
thion resistance.ModiÞedAChE, showingadecreased
in the sensitivity by OPs, has been linked with OP
resistance in some insect species (Li and Han 2004,
Russell et al. 2004) including tephritids (Vontas et al.
2002, Hsu et al. 2006). Zahavi and Tahori (1970) re-
ported that C. capitata adults from a Þeld population
in Israel possessed an AChE less sensitive to phospha-
midon than ßies from other Þeld or laboratory strains,
but they did not associate these differences with
changes in the susceptibility to OPs insecticides.
Moreover, we found a loss of AChE activity on the W
strain compared with the C strain, as has been re-
ported for other cases of target site resistance (Vontas
et al. 2002, Hsu et al. 2006).
Using synergists, we showed that the esterase in-
hibitorDEFpartially suppressed the resistance tomal-
athion(eight-fold) in the resistantWstrain, indicating
that esterases may also play a signiÞcant role in the
resistance to malathion in this species. Increased de-
toxiÞcation of malathion by speciÞc malathion car-
boxylesterase activity (MCE) is a well-studied resis-
tant mechanism in many malathion resistant strains of
different species (Townsend and Busvine 1969, Hem-
ingway 1982, Hughes et al. 1984). This kind of resis-
tance has been often diagnosed on the basis of its
synergism by TPP. Hughes et al. (1984) indicated that
TPP completely eliminated the resistance to mala-
thion in a resistant strain of the bowßy Lucilia cuprina
(Wiedemann), and the synergistic ratios exceeded
200-fold. Hemingway (1985) also indicated that a re-
sistant strain of Anopheles arabiensis Patton showed
high levels of suppression of resistance by TPP. We
found that the toxicity of malathion was only slightly
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increased by TPP in both C (2-fold) and W (3.2-fold)
strains. Thus, a hydrolytic mechanism mediated by
esterases, but probablydifferent from theMCE, seems
to be involved in this resistance. However, inferences
from the results with the synergists must be made
cautiously because they are not entirely speciÞc (Ah-
mad andHollingworth 2004). Indeed, esterase activity
(1-naphthyl acetate as substrate) is reduced by 90% in
adults of C. capitata treated with DEF, whereas MCE
activity (S-methyl thiobutanoate as substrate) is only
reduced by 26% when the ßies are treated with TPP
(unpublished results). Additional biochemical and
molecular studies will be needed to conÞrm this hy-
pothesis.
Metabolic resistance to malathion mediated by cy-
tochome P450s (Maitra et al. 2000) and glutathione-
S-transferases (Taskin and Kence 2004) has also been
described in dipteran species. However, our results
with synergists suggest that these enzymes are not
involved in conferring resistance to malathion in C.
capitata. In fact, the oxidase inhibitor PBO enhanced,
rather than suppressed, the resistance to malathion in
the W strain. This result may have been caused by a
block at the activation step, from the “thion” form of
malathion to the activated “oxon” form of malaoxon,
mediated by cytochomeP450s (Eto 1974). Ringo et al.
(1995) showed that chlorpyrifos resistance was en-
hanced inDrosophila melanogaster (Meigen) by PBO,
and Hemingway (1982) indicated that PBO had a
slightly antagonist effect on a malathion-resistant
strain of Anopheles stephensi (Liston). On the con-
trary, no signiÞcant effects were obtained when PBO
was tested on the C strain. It may be because of two
reasons: (1) malathion, although it is not the active
form of the insecticide, is also toxic and it may have
enough activity on the C strain, but not on the W
strain, which is 100-fold more resistant; and (2) if
esterases are involved in resistance in the W strain, an
antagonistic effect would be expected when the ac-
tivation ofmalathion is inhibited, becausemalaoxon is
a potent inhibitor of esterases, whereas malathion is a
poor inhibitor of them (Oakeshott et al. 2005). Inter-
estingly, an antagonist effect onmalathion toxicitywas
also obtained with DEM in the C strain. It has been
pointed out that DEM is not a completely speciÞc
inhibitor of glutatione-S-transferases and that it can
inhibit cytochome P450s (Anders 1978, Welling and
De Vries 1985). In fact, an inhibition of 26% was
obtained for cytochome P450s when adults were pre-
treated with DEM (unpublished results). Thus, the
antagonism of malathion by DEM could be also at-
tributed to the inhibition of the metabolic activation
of malathion.
In conclusion, resistance to malathion has been
found, for the Þrst time, in Þeld populations of C.
capitata. Enzymatic assays and experiments with syn-
ergists suggest that both target site insensitivity and
metabolic resistance might be involved in the loss of
susceptibility to this insecticide. Nevertheless, the re-
sistance mechanisms need to be studied further to
conÞrm this hypothesis and provide the necessary
information for the design of a suitable resistance
management strategy.
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